We investigated the hydrogen storage properties in a HoNi 5 -H system combined with TbNi 5 -H and DyNi 5 -H systems. Pressurecomposition (P-C) isotherms in the HoNi 5 -H system show one reversible pressure plateau during hydrogen absorption and desorption with a hysteretic phase transition. The maximum hydrogen storage capacity was found to be H/HoNi 5 ¼ ca. 2, and no second plateau similar to that observed in other RNi 5 -H (R: rare earth) systems was observed, even at 196 K. Two pressure plateaux found in light rare earth-based R L Ni 5 -H (R L ¼ La, Pr, Nd, Sm and Gd) systems tend to disappear in TbNi 5 -H and DyNi 5 -H systems and are scarcely present in HoNi 5 -H system. On the other hand, a novel pressure plateau appears at low hydrogen content in these systems due to the presence of a new hydride phase, and the plateau region extends from TbNi 5 -H and DyNi 5 -H to HoNi 5 -H systems. Contrary to the other plateaux, the pressures of the novel plateau during both hydrogen absorption and desorption decrease with decreasing unit cell volume of RNi 5 compounds or with increasing atomic number of the R element in RNi 5 -H systems. To clarify the effect of 4f electrons in the R element in RNi 5 -H systems on the novel plateau, we have evaluated the hydrogen storage properties in an YNi 5 -H system. Our results show that YNi 5 compound with lattice constants similar to those of TbNi 5 and DyNi 5 compounds has a similar P-C isotherm, suggesting that 4f electrons has no direct influence on the appearance of the novel plateau.
Introduction
LaNi 5 intermetallic compound is one of the most representative hydrogen storage materials because of its prominent hydrogen storage properties under moderate conditions. 1) In an LaNi 5 -H system, pressure-composition (P-C) isotherms show a single pressure plateau corresponding to the phase transition between LaNi 5 solid solution phase and LaNi 5 H 6:7 hydride phase.
2) Similar to LaNi 5 compound, other binary RNi 5 compounds (R: rare earth) have a hexagonal CaCu 5 -type crystal structure. Unit cell volume (V) in RNi 5 compounds decreases with increasing atomic number of the R element, N R , except in the cases of CeNi 5 , EuNi 5 and YbNi 5 .
3) This leads to an increase in the plateau pressure (p p ) due to the instability of hydrogen in these compounds (ln p p / V). 4) Simultaneously, the single pressure plateau separates into two plateaux with increasing N R values in light rare earth-based RNi 5 -H systems. 5) With respect to heavy rare earth-based RNi 5 compounds, we studied the P-C isotherms in TbNi 5 -H and DyNi 5 -H systems. We found that the first (lower) plateau separates to show a novel pressure plateau at low hydrogen content, indicating a novel phase transition. 6) Nevertheless, it remains unclear why the novel plateau appears. The correlation between the novel plateau and the R element in RNi 5 -H systems is not currently known. In the present work, we investigated the P-C isotherms in a HoNi 5 -H system, which have not previously been clarified, together with those in TbNi 5 -H and DyNi 5 -H systems. The R elements in RNi 5 compounds have 4f electrons, which lead to the lanthanide contraction. To examine the effect of 4f electrons on the novel plateau, we also evaluated the hydrogen storage properties in an YNi 5 -H system.
Experimental Details
The purity of all starting materials was higher than 99.9% (Ho: Santoku Metal Industry Co., Ltd., Kobe, Japan; Y and Ni: High Purity Chemicals Co., Ltd., Saitama, Japan). Binary intermetallic compounds, HoNi 5 and YNi 5 , were prepared by repeated arc melting under an Ar atmosphere. The samples were not annealed because the annealing at high temperatures eliminates lattice strain, leading to an inhabitation of activation under hydrogen. 7) We confirmed that the samples had the desired composition by scanning electron microscope equipped with an energy dispersive X-ray spectrometer, and we identified the crystal structure of the samples using a powder X-ray diffractometer (XRD) as previously described. 5) Our results show that these compounds have a hexagonal CaCu 5 -type structure similar to other RNi 5 compounds. The lattice constants of these samples, a and c, are shown in Fig. 1 . The constants of HoNi 5 compound fall onto the same line extrapolated from observations of other RNi 5 compounds, 6) and those of YNi 5 compound fall between those of TbNi 5 and DyNi 5 compounds.
P-C isotherms in HoNi 5 -H and YNi 5 -H systems were measured using a high-pressure Sieverts' apparatus. 5) Before measurement, the samples were activated several times under hydrogen at 35 MPa between 196-398 K. In order to confirm the reproducibility of the isotherms, measurements under the same conditions were carried out at least twice with different samples; the obtained isotherms were found to coincide well within the range of experimental error.
Results and Discussion
In a previous study by Blazina et al., 8) binary HoNi 5 did not show any significant hydrogen absorption under their experimental conditions (up to 10 MPa and between 77-700 K). In the present study, however, HoNi 5 was easily activated under hydrogen at 35 MPa. This may be attributed to the present sample conditions, i.e., unannealed, as well as to the hydrogen pressure.
The P-C isotherms in the HoNi 5 -H system in the pressure range from 0.1 to 35 MPa are shown in Fig. 2 . During hydrogen absorption, HoNi 5 compound is able to absorb hydrogen above 10 MPa at 298 K showing an inclined pressure plateau. This suggests the presence of a single HoNi 5 hydride. Another measurement of P-C isotherms at 196 K shows that a second pressure plateau similar to that found in TbNi 5 -H and DyNi 5 -H systems 6) is minimally observable. The maximum hydrogen content in this system is H/HoNi 5 ¼ 2:0 at 248 K, which is smaller than that of ternary HoNi 5Àx M x compounds (M ¼ Al, Gd; x ¼ 0:5, 1.0). 9, 10) During hydrogen desorption, a single pressure plateau due to the phase transition can be observed. Reversible hydrogen content is present during hydrogen absorption and desorption.
The single plateau indicates a single phase transition between HoNi 5 hydrogen solid solution and HoNi 5 hydride. Hysteresis during hydrogen absorption and desorption is of approximately one order, which is quite large compared with those in other RNi 5 -H systems such as LaNi 5 -H and GdNi 5 -H.
5) The thermodynamic properties estimated from each plateau pressure by van't Hoff equation are summarized in Table 1 . The absolute ÁH value during hydrogen desorption is somewhat larger than that during absorption, that is, the hysteresis is enormous at lower temperatures. Figure 3 shows a comparison of P-C isotherms in the HoNi 5 -H system with those of other R H Ni 5 -H (R H ¼ Gd, Tb and Dy) systems at the same temperature. Looking from Gd to Ho for an increase in N R value, we find two specific hydrogen storage properties in the P-C isotherms: the disappearance of two initial plateaux and the appearance of a novel plateau.
In light rare earth-based R L Ni 5 -H systems 5) there are two well-known plateaux (lower and higher) corresponding to two phase transitions among R L Ni 5 , R L Ni 5 H 3{4 and R L Ni 5 H 6{7 . The plateau pressures determined from each plateau are shown in Fig. 4 . The higher plateau (around H/RNi 5 ¼ 4:5) observed in GdNi 5 -H system tends to disappear in TbNi 5 -H and DyNi 5 -H systems due to the ÁH value close to zero. Similarly, the lower plateau (around H/RNi 5 ¼ 2:5) is no longer detectable in the HoNi 5 -H system. Thus, the maximum hydrogen content decreases drastically in this system, as shown in Fig. 3 .
Instead of the disappearance of these well-known plateaux, a novel plateau appears at low hydrogen content in TbNi 5 Dy, 12) Ho and Y) systems at 248 K.
Appearance of a Novel Pressure Plateau in RNi 5 -H (R = Rare Earth) Systemsdefinitive plateau is present in the HoNi 5 -H system. The plateau gradually extends from the TbNi 5 -H system to the HoNi 5 -H system while total hydrogen content decreases. As can be seen from Fig. 4 , the pressures of the novel plateau during both hydrogen absorption and desorption decrease with decreasing unit cell volume. This corresponds to a decrease in ÁH value (TbNi 5 -H: À12:8 AE 0:2 kJ mol À1 ; DyNi 5 -H: À15:3 AE 0:8 kJ mol À1 , during absorption). 11, 12) Hysteresis between absorption and desorption remained constant.
In the lanthanide series, the electrons occupy the inner 4f orbitals successively, decreasing atomic radius (the lanthanide contraction). All RNi 5 intermetallic compounds have a hexagonal CaCu 5 -type structure with space group P6=mmm.
3) So long as the R element tends to take a trivalent state, the unit cell volume (V) of RNi 5 compounds decreases with an increase in atomic number, as shown in Fig. 1 . This leads to a decrease in the size of the hydrogen site in the compounds. Because of the instability of hydrogen, the pressures of both the lower and higher plateaux increase, as shown in Fig. 4 ; the pressure (p p ) of the lower plateau is logarithmically related to the V value (log p P / V). 6) In contrast to the pressure of the lower and higher plateaux, that of the novel plateau decreases with increasing N R value or with decreasing unit cell volume, as mentioned above. This may be due directly to the interaction between the 4f electrons of the R element and the 1s electron of hydrogen (electronic factor) and/or indirectly to the size of the hydrogen site in the CaCu 5 -type structure (configurational factor). 13) In analogy with the lanthanide elements, the Y element has two s and one d but no f electrons in its outer shell. YNi 5 intermetallic compound also has the same CaCu 5 -type structure as other RNi 5 compounds. As shown in Fig. 1 , the lattice constants of this compound fall between those of TbNi 5 and DyNi 5 compounds because the atomic radius of Y is similar to that of the Tb element. In order to avoid the effect of the electronic factor by 4f elements in the appearance of the novel plateau, we evaluated the hydrogen storage properties in an YNi 5 -H system (Fig. 3) . The P-C isotherm in this YNi 5 -H system was found to be quite similar to those in TbNi 5 -H and DyNi 5 -H systems with respect to plateau pressure, etc., suggesting that the electronic factor of 4f electrons with hydrogen atoms has less influence on the appearance of the novel plateau. The 4f electrons in the R element are indirectly related to the configurational factor due to the lanthanide contraction.
Plateau pressure is related to the size of the hydrogen sites in the unit cell. A decrease in the unit cell volume rarely varies inversely, as the size of the hydrogen site does. For example, the size of the tetrahedral hydrogen site in the b.c.c. Ti-Cr-Mo alloy 14) increases with decreasing unit cell volume, lowering the plateau pressure. In the RNi 5 -H system, two hydrogen sites correspond to the lower and higher plateaux. 15, 16) The novel plateau may be attributed to another site whose size is reversed by the unit cell volume. To determine the size of the hydrogen site, it is necessary to clarify the structure of novel RNi 5 hydrides such as HoNi 5 hydride, with specific reference to the novel plateau. Detailed study on this structure by XRD and neutron diffraction analysis is now under way. 
